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Abstract
The IceCube collaboration has reported neutrinos with energies between ∼ 30 TeV and a few PeV that are significantly enhanced
over the cosmic-ray induced atmospheric background. Viable high-energy neutrino sources must contain very high-energy and
ultra-high energy cosmic rays while efficiently making PeV neutrinos. Gamma-ray Bursts (GRBs) and blazars have been considered
as candidate cosmic-ray accelerators. GRBs, including low-luminosity GRBs, can be efficient PeV neutrino emitters for low bulk
Lorentz factor outflows, although the photopion production efficiency needs to be tuned to simultaneously explain ultra-high-energy
cosmic rays. Photopion production efficiency of cosmic-rays accelerated in the inner jets of flat spectrum radio quasars (FSRQs)
is ∼ 1 – 10% due to interactions with photons of the broad-line region (BLR), whereas BL Lac objects are not effective PeV
neutrino sources due to the lack of external radiation fields. Photopion threshold effects with BLR photons suppress neutrino
production below ∼ 1 PeV, which imply that neutrinos from other sources would dominate over the diffuse neutrino intensity
at sub-PeV energies. Reduction of the ≫ PeV neutrino flux can be expected when curving cosmic-ray proton distributions are
employed. Considering a log-parabolic function to describe the cosmic-ray distribution, we discuss possible implications for
particle acceleration in black-hole jets. Our results encourage a search for IceCube PeV neutrino events associated with γ-ray loud
FSRQs using Fermi-LAT data. In our model, as found in our previous work, the neutrino flux is suppressed below 1 PeV, which
can be tested with increased IceCube exposure.
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1. Introduction
The IceCube Collaboration has reported evidence for ex-
tragalactic neutrinos (1), which opens up an important multi-
messenger connection between photons, neutrinos, and high-
energy cosmic rays. Using two years of IceCube data in its
79 and 86 string configuation, 28 fully contained events were
identified between 30 and 1200 TeV, of which 21 were shower-
like, and the remainder track-like. Using three years of data, 37
events are reported, with 28 shower-like and 9 track-like events
(2). All of the highest energy neutrinos, with energies of 1040,
1140 TeV, and 2004 TeV and energy uncertainties of ≈ 12%,
are shower-like. The ratio of showers and tracks is a conse-
quence of the larger effective area of IceCube for νe interac-
tions (3), different neutrino-flavor opacities through the Earth,
and the analysis requirement that the events are fully contained.
The combined significance of the data is ≈ 5.7σ over pre-
dicted background, systematic uncertainties and uncertain charm
contribution, with the significance of separate low-energy (LE,
≈ 25 – 500 TeV) and high-energy (HE; & 0.5 PeV) neutrino en-
hancements less significant. Indeed, the available evidence for a
suppression of neutrino production near ∼ 0.5 PeV is not statis-
tically significant, either in the two-year or three-year data sets.
At higher energies, between ≈ 2 and 10 PeV, 3 – 6 neutrinos
were predicted for a proton spectrum with index = −2, whereas
none were reported (1; 2). Thus the existence of a high-energy
cutoff above the energies of the two ∼ 1 PeV events and the
recently announced ∼ 2 PeV event (2; 4; 5), is statistically fa-
vored though not definitely established. The neutrino flux is
adequately fit with a −2 neutrino spectrum down to low ener-
gies (1), and is inconsistent with a diffuse cosmogenic origin of
neutrinos from UHECRs in the intergalactic medium (6; 7; 8).
Here we consider whether neutrino production with photons
of the broad-line region (BLR) of flat spectrum radio quasars
(FSRQs), can account for the features of the PeV neutrinos de-
tected by IceCube. This process was first considered in detail
by Atoyan & Dermer (9), though suggestions of neutrino pro-
duction from FSRQs were made earlier (10; 11). If atomic-line
radiation in the BLR dominates neutrino production through
photopion processes, suppression of the neutrino flux from FS-
RQs at energies . 1 PeV is expected. These cutoffs are eas-
ily understood by noting that for threshold pion production,
γpǫ∗ & mπ/me  300. For neutrinos formed with ≈ 5% of
the incident proton energy, then a cutoff is expected at Eν ≈
0.05mpc2(mπ/meǫ∗) ∼ 1 PeV, taking ǫ∗ ≈ 2 × 10−5 for the Ly-
man α photon energy.
In this paper, we study the emission of HE neutrinos pro-
duced by photopion processes in extragalactic black-hole jet
sources, focusing in particular on FSRQs. Inefficient Fermi ac-
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celeration competing with strong photohadronic energy losses
due to atomic-line photons in the BLR of FSRQs is shown to
give proton distributions with cutoffs at ≈ 1016 eV. In related
work (16), we calculate the diffuse neutrino background from
the superposition of distant blazars, where we also find a sup-
pression of the neutrino flux below 1 PeV.
2. Photopion efficiency with internal target electron syn-
chrotron photons
Photopion production of high-energy (≈ 1014 – 1017 eV)
cosmic rays in the intense BLR and internal radiation fields
of blazars is more energetically efficient than secondary nu-
clear production in proton-ion collisions, provided the thresh-
old for pion production is achieved (12). To calculate the pro-
ton energy-loss timescale through photopion losses, we use the
approximation Kφπ(ǫ¯r)σφπ(ǫ¯r)  σˆH(ǫ¯r− ǫ¯thr) for the product of
the inelasticity and photopion production cross section, where
ǫ¯r is the invariant photon energy in the particle rest frame. Here
σˆ = 70 µb, and ǫ¯thr  400. The Heaviside function H(x) = 1
for x ≥ 0 and H(x) = 0 otherwise.
The timescale t′φπ(γ′p) for a proton of energy mpc2γ′p to lose
energy through photopion production is given by
t′−1φπ (γ′p) = cσˆ
∫ ∞
ǫ¯thr/2γ′p
dǫ′ n′ph(ǫ′) [1 − (
ǫ¯thr
2γ′pǫ′
)2] (1)
(13), with primes referring to comoving fluid-frame quantities.
The term n′ph(ǫ′) is the comoving spectral photon number den-
sity, ǫ′ is the comoving dimensionless photon energy, and the
pitch-angle diffusion timescale of the particles is assumed to be
rapid enough to isotropize the particle distribution in the fluid
frame.
We adopt expressions for the nonthermal synchrotron lumi-
nosity radiated by an isotropic comoving electron distribution
γ′2e N′e(γ′e) described by a log-parabola function, where γ′e is the
electron Lorentz factor in the comoving frame (14). In this ap-
proximation, the synchrotron luminosity spectrum
ǫLsyn(ǫ) = υx1−ˆblnx , (2)
where υ = 10−1/4b(νLpk,synν ), b = ˆb ln 10 is the log-parabola
width parameter of the electron distribution, x =
√
ǫ/ǫpk =√
ǫ′/ǫ′pk, ǫ
′ = ǫ/δD, ǫ′pk = ǫpk/δD, and δD is the Doppler factor.
The peak synchrotron luminosity νLpk,synν at peak synchrotron
frequency ǫs = 101/bǫpk = 8.1 × 10−7νpk,14 is derived directly
from the data for a source at redshift z. In the blob formulation,
n′ph(ǫ′) =
ǫ′u′(ǫ′)
mec2ǫ′2
=
ǫLsyn(ǫ)
4πmec3ǫ′2r′2b δ
4
D f0
, (3)
where f0 ≈ 1/3. In the blast-wave formulation, f0  1, Γ  δD,
and n′ph(ǫ′) = ǫLsyn(ǫ)/4πmec3ǫ′2r2Γ2, with r ≈ cΓ2tvar, leading
to effectively equivalent results (15; 16). For blazar calculations
using the blob formulation, δD  Γ is assumed. Synchrotron
self-absorption is not important for PeV neutrino production in
blazars and GRBs (see Appendix A), and internal and source
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Fig. 1 Integral Is(x¯), from eq. (5). Thin curves show the
high-energy approximation given in the text.
γγ opacity is less important for the neutrino spectrum than the
γ-ray spectral energy distribution (SED) (41; 14).
The photopion radiative efficiency of ultra-high-energy cos-
mic ray (UHECR; energies & 1017 eV) protons with Lorentz
factor γp  δDγ′p is defined by the expression ηφπ ≡ t′dyn/t′φπ(γp),
where t′dyn  δDtvar  Γtvar is the comoving dynamical timescale.
Eqs. (1) – (3) imply that the efficiency of UHECR protons to
lose energy through photopion production with internal syn-
chrotron photons is
ηintφπ = ηs Is(x¯) , (4)
where
Is(x¯) ≡
∫ ∞
x¯
dx x−2−ˆb ln x(1 − x¯
4
x4
) , (5)
x¯ ≡ δD
√
ǫ¯thr/2γpǫpk, (6)
ηs =
σˆ103/4b(νLpk,synν )
2πmec4tvarδ4D f0ǫs
 1.5 × 104 10
3/4bL48
tvar(s)δ4D f0ǫs
, (7)
and L48 ≡ νLpk,synν /(1048 erg s−1). This expression likewise ap-
plies to a spherical blast-wave geometry, letting δD → Γ and
taking f0 ≈ 1. Note that Is(x¯) → 101/4b
√
π ln 10/b in the limit
x¯ ≪ 1 (14), and Is(x¯) ≈ 4x¯1−k/[(k−1)(k+3)] in the limit x¯ ≫ 1,
where k ≡ 2 + ˆb ln x¯. Fig. 1 shows a numerical integration of
Is(x¯), eq. (5), for different values of b, compared to the x¯ ≫ 1
asymptotes. When x¯ ≪ 1, corresponding to large γp, the pro-
duction efficiency, eq. (4), approaches a constant value.
3. Internal synchrotron photopion production efficiency of
black-hole jet sources
Fig. 2 shows calculations of photopion production efficien-
cies using eqs. (4) – (7) for different classes of black-hole jet
sources, using characteristic parameter values given in Table 1.
Here we take b = 1. A value of b near unity is implied for
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the electron distribution by fitting the nonthermal synchrotron
emission of 3C 279 (14), and we assume it also applies for the
proton distribution. The Doppler factors are similar to values
implied by equipartition leptonic models (14).1 Only the syn-
chrotron radiation field is assumed to be important for photo-
pion production in the sources considered in Fig. 2; the higher-
energy synchrotron self-Compton radiation fields have too few
photons to be effective targets for photopion production. What
is most notable is the extreme sensitivity of the efficiency to Γ
or δD, with ηintφπ ∝ Γ−4 at large proton energies. For LGRBs
and SGRBs, low (Γ ∼ 100) outflows are potentially much more
neutrino luminous than for high (Γ ∼ 1000) bursts. Fermi-LAT
results suggest that the most powerful GRBs are those with the
largest bulk Lorentz factor outflows (17), but to optimize neu-
trino luminosity, a smaller value of Γ is required (Appendix
B). This suggests examining neutrino production from GRBs
that can be shown to have small Γ factors, e.g., GRB 090926A
whose Fermi-LAT spectrum shows a cutoff that suggests that
Γ ∼ 200 – 700 (18).
The photomeson efficiency of LLGRBs is poorly known
due to the large uncertainty in determining Γ and tvar. For
a hydrodynamic jet to penetrate the star, Γ ∼ 5 is suggested
(19). The synchrotron self-absorption interpretation of the low-
energy spectrum also indicates that Γ ∼ 5 and dissipation radii
around the photosphere (20). Values of Γ ∼ 5 – 20 are con-
sidered in (21); see also (22; 23). Related to the LLGRBs are
shock-breakout GRBs, where the dissipation is caused by tran-
srelativistic ejecta with Γ ∼ a few, and GRBs where neutrino
production takes place in the star (24; 25). We consider a broad
range of Γ between ∼ 2 and 30, and take tvar = 100 s.
Photopion production efficiency ηφπ of high-energy protons
with internal synchrotron photons is largest for small δD, be-
cause the photon density is largest, so all injected power is re-
processed into neutrinos, γ rays and neutrons. For internal pro-
cesses, the produced radiation can be assumed to be isotropi-
cally emitted in the comoving fluid frame, so the neutrino lumi-
nosity Lν ∝ δ4L′ν, with the Jet Doppler opening angle decreas-
ing ∝ δ−1. This leads to a characteristic Doppler factor ˆδD when
ηφπ ≈ 1 that optimizes neutrino luminosity; see Appendix B.
4. Photopion production efficiency in black-hole jet sources
with external radiation fields.
We now treat the case of black-hole jet sources with strong
external radiation fields, most notably FSRQs, though LSP and
ISP BL Lac objects with peak synchrotron frequencies . 1015
1 By “equipartition” we mean equality of the energy densities of the
magnetic-field and nonthermal electrons, that is, u′B′ = ζeu
′
e, with ζe  1. If
instead the all-particle energy density u′par = u′e + u′p/nuc is related to the mag-
netic field according to the equipartition relation u′par = ζequ′B′ , where u
′
p,nuc is
the energy density of hadrons in the blazar jet, this modifies the equipartition
expressions by replacing ζe with ζeq/(1 + fhe) in the relation u′e = ζeu′B′ , where
the hadron-electron loading factor fhe ≡ u′p/nuc/u′e. For large hadronic loading,
when fhe ≫ 1, the power requirements increase with accompanying spectral ef-
fects on the Compton component due to smaller values of δD and larger values
of B′.
Table 1. Parameters for Different Classes of Relativistic
Black-Hole Jet Systems
# Source νLpk,synν tvar δD  Γ νpk,14
Class (1048 erg s−1) (s) (1014 Hz)
1a,b LGRBa 1000 0.1 100, 1000 2 × 105
2a,b SGRBb 1000 10−3 100, 1000 106
3a,b LLGRBsc 0.1 100 2, 30 104
4a BL Lacd 0.001 105 5 102
4b BL Lacd 0.003 100 100 103
5a FSRQe 0.03 106 10 0.1
5b FSRQ 0.1 104 30 0.1
a Long Duration GRB
b Short Duration GRB
c Low-luminosity GRBs; (21)
d High-synchrotron peaked BL Lac object
e Flat Spectrum Radio Quasars
Hz can also have external radiation fields with significant en-
ergy densities. In contrast, HSP BL Lac objects have radia-
tively inefficient accretion flows and generally lack evidence
for optically thick accretion disks or luminous BLRs, so exter-
nal radiation fields are usually neglected. As we have seen for
equipartition values, and as has been shown earlier by detailed
Monte Carlo simulations (27), blazars without external radia-
tion fields radiate the bulk of the neutrinos’ energy at ≫ 1017
eV, and would have difficulty explaining the IceCube PeV neu-
trinos unless the Doppler factor was unusually low. As shown
in Appendix B, δD . 4 is required for lower-energy neutrino
production in HSP BL objects, and would represent a system far
from equipartition with large γ-ray opacity that would produce
absorption features that have not been observed in the SEDs of
BL Lac objects (14).
External radiation fields arise from accretion-disk radiation
absorbed by and reradiated from the molecular torus and BLR
clouds, and scattered by electrons (for recent reviews of AGN
and blazar physics, see (28; 29)). The highly anisotropic di-
rect accretion-disk radiation field is shown in Appendix C to be
unimportant for the production of PeV neutrinos.
The external radiation field from the accretion-disk radia-
tion reprocessed by BLR clouds and the IR torus is assumed
to be have an isotropic distribution in the black-hole frame.
Studies of anisotropies in the scattered radiation field (30; 31)
show that locations within and close to the inner edge of the
scattered radiation field have approximately isotropic external
fields. An increasing fraction of tail-on photons develop as the
jet becomes closer to the outer edge of the scattering zone. Cal-
culations of γ-ray and neutrino SEDs entail a reaction-rate fac-
tor (1− βµ) that reduces the importance of tail-on photons. The
assumption of isotropy is a good first approximation well within
the radiation reprocessing region, but should be relaxed in fur-
ther studies.
The transformation of an isotropic monochromatic external
radiation field with energy density u0 and photon energy ǫ0 to
the fluid frame is easily performed using the transformation law
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Fig. 2. Photopion production efficiency as a function of
escaping proton energy Ep = Γmpγ′p, presented in terms of the
ratio of the dynamical and energy-loss timescales using
parameters from Table 1 for long soft GRBs (LGRBs), short
hard GRBs (SGRBs), low-luminosity GRBs (LLGRBs), and
high-synchrotron peaked (HSP) BL Lac objects. For the
efficiency calculations, t′dyn = Γtvar = δDtvar for photopion
production with internal synchrotron photons.
u′(ǫ′,Ω′) = u(ǫ,Ω)/[Γ(1 + βµ′)]3 for the specific spectral en-
ergy density u(ǫ,Ω) (see eq. (5.24) in (15)). For a highly rel-
ativistic (Γ ≫ 1) flow, one obtains the spectral energy density
ǫ′u′(ǫ′) ≈ (u0/2Γ)(ǫ′/ǫ0)3H(ǫ′; 0, 2Γǫ0), after integrating over
angle. Substituting this expression into eq. (1), noting eq. (3)
and multiplying by t′dyn, gives the efficiency
ηextφπ = η0 [1 −
(1 + ln yu)
yu
]H(yu − 1) , η0 ≡ σˆu0R
mec2ǫ0
, (8)
where yu ≡ (4ǫ0γp/ǫ¯thr)2 and the pathlength R . Rext through
the target radiation field of extent Rext. The comoving energy-
loss rate for protons with escaping energy Ep = mpc2γp 
mpc
2Γγ′p that lose energy through photopion processes with
photons of a locally isotropic external radiation fields is there-
fore given by
−γ˙′φπ(γp) =
cσˆγp
mec2
∫ ∞
ǫ¯thr/4γp
dǫ ǫu(ǫ)
ǫ2
[1− (1 + ln y¯u)
y¯u
] , (9)
where y¯u ≡ (4ǫγp/ǫ¯thr)2. In comparison with a proton bound
in jet plasma moving with Γ ≫ 1, the corresponding efficiency
of a neutron or proton traveling rectilinearly is ηext
φπ
= η0(1 −
4/yu)H(yu − 4) (32; 33).
We consider radiation fields associated with (1) the BLR,
(2) the infrared-emitting dust torus, and (3) scattered accretion-
disk photons, all of which provide target photons for photopion
production with cosmic rays coming from the jet. In the first
case, the Ly α radiation field dominates. For external isotropic
monochromatic radiation, ǫu0(ǫ) ≈ ǫu0δ(ǫ − ǫ0). In the specific
case of Ly α photons, ǫ0 = 2×10−5 is the Ly α photon energy in
mec
2 units. A spectrum of BLR lines has at most a small effect
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Fig. 3 Minimum photopion production efficiency as a function
of escaping proton energy Ep for parameters typical of
quiescent and flaring states of FSRQs. The efficiency for
interactions with synchrotron radiation is determined by the
dynamical timescale t′dyn  Γtvar, using values from Table 1,
and t′dyn = Rext/(cΓ) for external processes, using values for the
physical extent Rext = 0.1 and 1 pc of the BLR and IR
radiation fields, respectively. Separate contributions from
photopion production with Ly α radiation in the BLR,
scattered accretion-disk radiation, IR radiation, and
synchrotron photons are shown separately. The differing
internal synchrotron efficiency for the quiescent and flaring
cases are plotted by the long-dashed and short-dashed curves,
respectively. Also plotted by the thin green dotted curve is the
photopion efficiency for energy loss by a proton or neutron
traveling rectilinearly through the BLR radiation field.
on the photon spectrum of Compton-scattered radiation (34),
and similarly has a small effect on the neutrino spectrum except
near the spectral cutoffs. Nevertheless, we superpose a spec-
trum of lines in our subsequent neutrino production spectrum
calculations.
For quasi-thermal infrared radiation from a dusty torus sur-
rounding the black hole, ǫuIR(ǫ) = 15uIR(ǫ/Θ)4/{π4[exp(−ǫ/Θ)−
1]}, where the effective IR temperature TIR = mec2Θ/kB, and
uIR is the energy density of the torus field, restricted by the
blackbody limit to uIR < ubb(T )  0.008(T/1000 K)4 erg cm−3.
The third case involving scattered accretion-disk radiation
is approximated by ǫudisk(ǫ) ≈ udisk(ǫ/ǫmax)α exp(−ǫ/ǫmax), where
udisk = Ldiskτsc/Γ(α)4πR2scc, Ldisk is the accretion-disk luminos-
ity, and τsc is the Thomson depth through the scattering vol-
ume of radius Rsc. For a Shakura-Sunyaev spectrum, α = 4/3,
Γ(4/3) = 0.893 . . ., and ǫmax corresponds to the dimensionless
temperature of the accretion disk near the innermost stable or-
bit, which must be & 2 × 10−5 in order to make strong Ly α
radiation. In the calculations, we take mec2ǫmax = 20 eV.
Fig. 3 shows a calculation of the photopion production ef-
ficiency using typical parameters for γ-ray loud FSRQs. Com-
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Table 2. BLR Emission Lines Included in
the Modeling of Neutrino Production.a
Line Flux E (eV)
H Ly α 100 10.2
C IV 52.0 8.00
He Ly α 50.0 40.8
Broad featureb 30.2 7.75
Mg II 22.3 4.43
N V 22.0 10.00
O VI + Ly β 19.1 12.04
C III + Si III 13.2 6.53
aLine strengths are expressed as a ratio of the line flux to the H
Ly α flux; see Telfer et al. (36); Cerruti et al. (34).
bBroad feature at ∼ 1600Å has equivalent width of ≈ 38.5Å
and is treated as a monochromatic line.
pared to the sources in Fig. 2, the presence of the external ra-
diation field of the BLR, as well as the scattered accretion-disk
radiation field, is extremely important for neutrino production
in FSRQs (9). In this calculation, we take the energy density of
the BLR radiation field uBLR = 0.026( fBLR/0.1) erg cm−3 (35),
where fBLR is the covering factor for atomic-line production.
The BLR radiation is dominated by Ly α, but we also consider
a range of lines with strengths given by analyses of AGN spec-
tra (34; 36), as given in Table 2. Furthermore, we assume that
He Ly α lines are present with an energy density of one-half the
Ly α energy density (16; 37). For the IR radiation field of the
dust torus, we set uIR = 10−3 erg cm−3 and assume it has an
effective temperature of 1200 K (38).
In addition, an electron column with effective Thomson scat-
tering depth of τsc = 0.01 in a region of extent Rsc = 0.1 pc
is used in Fig. 3 to define the scattered accretion-disk radia-
tion, which is approximated by a Shakura-Sunyaev spectrum
with temperature of 20 eV and Ldisk = 1046 erg s−1. The direct
accretion-disk radiation field provides another external photon
target (39), but is unimportant for the production of PeV neu-
trinos (Appendix C), and is important for Compton scattering
only if the emission region is within ≈ 1016 cm of the accretion
disk (40).
In the calculations of photopion efficiency, R is equated with
cΓ2tvar for interactions with the internal radiation fields. For
external radiation processes, where photopion production can
occur only as long as the jet remains within the target radiation
field, the only requirement is that R . Rext. For a BLR with
Rext ∼ 0.1 pc, a photopion production efficiency ηφπ ≈ 0.03
can be expected for & 1016 eV protons in both the quiescent
and flaring phases of FSRQs.
5. Neutrino production spectrum from photopion processes
in black-hole jet sources
Following (15; 41), we derive the neutrino luminosity spec-
trum for neutrinos made with energy of mec2ǫs by using a for-
malism where the photopion production cross section is divided
Table 3. Parameters for secondary neutrinos formed in
photomeson production and neutron β decay.a
Parameter Single π Double π Multi π
i 1 2 3
σ(µb) 340 180 120
ǫl 390 980 3200
ǫu 980 3200 ∞
ζ 3/2 4 6
χ 0.05 0.05 0.05
ζβ 1/2 1/2 1/3
χβ 10−3 10−3 10−3
a For neutron β-decay neutrinos, the same parameters as for
photopion neutrinos are used except for multiplicity ζβ and
mean fractional energy χβ
into separate step functions. Here we consider a three step-
function model, corresponding to single-, double-, and multi-
pion production that approximates the cross section and results
from Monte Carlo simulations (42; 43). Photopion interactions
taking place with the invariant dimensionless photon energy ǫ¯r
in the range ǫl,i ≤ ǫ¯r < ǫu,i, i,= 1, 2, 3, have cross section σi,
neutrino multiplicity ζi, and fractional energy χi of the neutrino
secondary (compared to the incident photon energy). The pa-
rameters for the model are given in Table 3, including β-decay
neutrinos from the decay of neutrons formed in photopion pro-
cesses. Here we assume that neutrons are produced one-half
of the time in photohadronic processes for single and double π
production, and one-third of the time for multi-pion production.
This gives a rough approximation to the SOPHIA 2.0 event-
generator neutron conversion efficiency (see Fig. 11 in 43).
For neutrino production from proton interactions with the
internal synchrotron radiation field, the synchrotron emission
is assumed to be radiated by a distribution of electrons that
are isotropically distributed in the comoving jet frame and de-
scribed by a log-parabola function (14). The synchrotron lumi-
nosity spectrum is given by eq. (2), and the synchrotron photon
spectrum coming from relativistic electrons is given by eq. (3).
The photohadronic production cross section for secondary neu-
trinos is approximated by
dσ(ǫ¯r)
dǫ′sdΩ′s
=
3∑
i=1
ζiσiH(ǫ¯r; ǫl,i, ǫu,i)δ(Ω′s −Ω′p)δ(ǫ′s −
χimpγ
′
p
me
) , (10)
making the co-directional approximation that the secondaries
travel in the same direction as the primary ultra-relativistic pro-
ton, and that the secondary energy is a fixed fraction χ of the
primary energy. Here ǫ¯r = γ′pǫ′(1− µ′) is the invariant collision
energy, and H(x; a1, b1) = 1 if a1 ≤ x ≤ b1, and H(x; a1, b1) = 0
otherwise.
For the description of the proton spectrum in the blob, we
also adopt the log-parabola function, and assume for simplicity
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that the log-parabola width parameter b is the same for protons
as electrons (differing from the treatment in Ref. (16)). The
spectrum of protons with Lorentz factor γp = δDγ′p is therefore
given by
γ′2p N′p(γ′p) = Kx−
ˆb ln xp
p , (11)
where K ≡ E′p/mpc2I1(b), xp = γp/γpk = γ′p/γ′pk, E′p is the
total comoving energy of the nonthermal protons, and I1(b) =√
π ln 10/b (14). Because ǫsL(ǫs,Ωs) = δ4Dǫ′sL′(ǫ′s,Ω′s), one ob-
tains
4πǫsLint(ǫs,Ωs) =
3∑
i=1
Kζimeσiǫ2sυx˜−4−
ˆb ln x˜
16π f0χimpc2t2var
×
∫ ∞
ǫl,i
dǫ′ y
1−ˆb ln y
ǫ′4
{[min(ǫu,i, 2γ˜′pǫ′)]2 − ǫ2l,i} (12)
for the neutrino production spectrum from photohadronic in-
teractions with synchrotron photons. Here x˜ = γ˜p/γpk, γ˜p =
meǫs/χimp, and γ˜′p = γ˜p/δD.
We follow the technique of Ref. (44) to derive the produc-
tion spectrum of neutrinos formed when protons interact with
photons of an external isotropic radiation field, by transforming
the particle distribution to the source frame directly (see also
(41)). The result is
4πǫsLext(ǫs,Ωs) =
3∑
i=1
Kζimeσicδ5Dǫ
2
s x˜
−4−ˆb ln x˜
4χimpγ4pk
×
∫ ∞
0
dǫ u(ǫ)
ǫ3
{[min(ǫu,i, 2γ˜pǫ′)]2 − ǫ2l,i} . (13)
Note the δ5D dependence (41). The δ-function approximation
to the neutrino production spectrum does not give a good rep-
resentation to the low-energy cutoff of the neutrino spectrum,
which follows a number spectral index of −1 (45). For pion-
decay neutrinos formed with target synchrotron, BLR, scattered
accretion-disk and IR photons, we improve the approximation
by correcting the neutrino spectrum by adding a low-energy ex-
tension with νFν index equal to +1 if the νFν spectrum cal-
culated in the δ-function approximation to the mean neutrino
energy becomes harder than +1. No correction is made for the
spectrum of β-decay neutrinos in the δ-function approximation
for average neutrino energy. For detailed numerical calcula-
tions, see, e.g., Ref. (46).
Fig. 4 shows a calculation of the luminosity spectrum of
neutrinos of all flavors produced by a curving distribution of
protons in a flaring FSRQ like 3C 279 with a peak synchrotron
frequency of 1013 Hz and peak synchrotron luminosity of 1047
erg s−1 (parameters of Table 1). The log-parabola width param-
eter b = 1 is assumed for both the electron and proton distribu-
tions. Here and below, we take E′p = 1051/Γ erg, which implies
sub-Eddington jet powers for jet ejections occurring no more
frequently than once every 104M9 s, where M9 is the black-hole
mass in units of 109 M⊙ (we take M9 = 1). The separate compo-
nents for single-pion, double-pion, and multi-pion production
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Fig. 4 The luminosity spectrum of neutrinos of all flavors from
an FSRQ with δD = Γ = 30, using parameters of a flaring
blazar given in Table 1. The radiation fields are assumed
isotropic with energy densities uBLR = 0.026 erg cm−3 for the
BLR field, uIR = 0.001 erg cm−3 for the graybody IR field. For
the scattered accretion-disk field, τsc = 0.01 is assumed. The
proton spectrum is described by a log-parabola function with
log-parabola width b = 1 and principal Lorentz factor
γpk = Γγ
′
pk = 107.5. Separate single-, double- and multi-pion
components comprising the neutrino luminosity spectrum
produced by the BLR field are shown by the light dotted
curves for the photohadronic and β-decay neutrinos. Separate
components of the neutrino spectra from photohadronic
interactions with the synchrotron, BLR, IR, and scattered
accretion-disk radiation are labeled.
from interactions with the BLR radiation are shown for both the
pion-decay and neutron β-decay neutrinos. In this calculation,
the proton principal Lorentz factor γpk = 107.5, correspond-
ing to source-frame principal proton energies of Ep ≈ 3 × 1016
eV. Because the efficiency for synchrotron interactions in low-
synchrotron peaked blazars is low until Ep & 1020 eV, as seen
in Fig. 3, neutrino production from the synchrotron component
is consequently very small. Interactions with the blazar BLR
radiation is most important, resulting for this value of γpk in a
neutrino luminosity spectrum peaked at a few PeV, and with a
cutoff below ≈ 1 PeV.
Comparisons between luminosity spectra of neutrinos of all
flavors for parameters corresponding to the quiescent phase of
blazars, and for different values of γpk and b, as labeled, are
shown in Fig. 5. As can be seen, the low-energy hardening
in the neutrino spectrum below ≈ 1 PeV is insensitive to the
assumed values of γpk and b.
6. Discussion
We have calculated the efficiency of neutrinos produced by
photohadronic interactions of protons with internal and external
target photons in black-hole jet sources. Neutrino spectra were
calculated semi-analytically for the chosen parameters. After
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Fig. 5 Total luminosity spectra of neutrinos of all flavors from
model FSRQs with parameters as given in Fig. 4, except as
noted. In curve 1, parameters of a quiescent blazar from Table
1, with γpk = 107.5, are used. Curves 2 – 6 use parameters for a
flaring blazar as given in Table 1. In curves 2, 3, and 4,
γpk = 107.5, 107, and 108, respectively. Curves 5 and 6 use the
same parameters as curve 2, except that b = 2 and b = 0.5,
respectively.
summarizing (1) data from IceCube motivating this study, we
discuss (2) the UHECR/neutrino connection, (3) particle accel-
eration in jets, and (4) the contributions of FSRQs and blazars
to the diffuse neutrino background.
6.1. Extragalactic Neutrinos with IceCube
The IceCube Collaboration has reported compelling evi-
dence for the first detection of high-energy neutrinos from ex-
tragalactic sources. The sources of the neutrinos remain un-
known. Candidate astrophysical sources include powerful γ-
ray sources such as blazars, GRBs, and young pulsars or mag-
netars. Other possibilities, e.g., structure formation shocks and
star-forming galaxies, are not excluded. Here we have argued
that FSRQs are & 1 PeV neutrino sources.
IceCube searches have not, however, found statistically com-
pelling counterparts by correlating neutrino arrival directions
and times with pre-selected lists of candidate neutrino point
sources, including FSRQs. An early search (47) using 22-string
data over 276 days live time found no significant excess other
than 1 event associated with PKS 1622-297. Upper limits for
an E−2 neutrino spectrum from candidate γ-ray emitting AGNs
were at the level of ≈ 1.6× 10−12Φ90 erg cm−2 s−1, 15 . Φ90 .
600, for neutrinos with energies Eν from ≈ 100 TeV to ≈ 100
PeV. The upper limit for 3C 279 was a factor & 30 above model
predictions (48; 9).
Improved point-source searches in 22-string and 40-string
configurations during 2007 – 2009 were reported for both flar-
ing and persistent sources in Ref. (49). Recent 86-string data
taken over 1373 days live time give IceCube limits of ≈ 10−12
erg cm−2 s−1 for 1 TeV . Eν . 1 PeV in the northern sky, and
≈ 10−11 erg cm−2 s−1 for 100 TeV . Eν . 100 PeV in the
southern sky (50).
Source γ-ray fluxes provide an upper limit to the neutrino
flux because the decay of π0 and π± formed in photopion pro-
cess will produce secondaries that initiate γ-ray cascades that
cannot overproduce the measured γ-ray fluxes. The brightest
γ-ray blazars, namely 3C 279, 3C 273, and 3C 454.3, have aver-
age > 100 MeV fluxes at the level of ≈ few ×10−11 erg cm−2 s−1
(51). These limits rule out a hypothetical blazar model where
the γ rays are entirely associated with photohadronic processes,
but the success of leptonic models for blazar γ radiation (29)
means that only a small fraction of the high-energy radiation
from blazars can be hadronically induced. Particular interest for
neutrino counterpart association attaches to unusual very-high
energy (VHE; & 100 GeV) flaring episodes in FSRQs, such as
3C 279 (52) and PKS 1222+216 (53). Furthermore, analysis of
associations between GeV-TeV sources and IceCube neutrino
arrival directions finds counterpart TeV BL Lac objects and pul-
sar wind nebulae (54). In principle, two-zone models for these
objects could achieve the required flux (55) by adjusting the
cosmic-ray spectral index and cutoff energy to appropriate val-
ues, but one has to take into account contributions from FSRQs
for a detailed comparison.
6.2. UHECR/High-Energy Neutrino Connection
High-energy neutrino sources are obvious UHECR source
candidates, though production of PeV neutrinos requires pro-
tons with energies of “only” Ep  1016 – 1017 eV. The close
connection between neutrino and UHECR production implies
the well-known Waxman-Bahcall (WB) bound on the diffuse
neutrino intensity at the level of ∼ 3 × 10−8 GeV/cm2-s-sr (56),
and the similarity of the IceCube PeV neutrino flux with the
WB bound has been noted (57). Nevertheless, our results show
that the relationship between the diffuse neutrino and UHECR
intensities leading to the WB bound depends on fine-tuning the
neutrino production and escape probability of UHECRs. The
situation is even worse if the UHECRs are ions rather than pro-
tons, because the photo-disintegration cross section for ions is
larger than the photohadronic cross section and neutrino pro-
duction is less efficient (58; 59).
For GRBs and HSP BL Lac objects, the most significant ra-
diation field for photopion production is the internal synchrotron
field. Appendix B gives the Doppler factor for optimal neu-
trino production, ˆδD, and the typical energy Eν of the produced
neutrinos in terms of the apparent isotropic synchrotron lumi-
nosity, the peak synchrotron frequency, and the minimum vari-
ability time. As a consequence of the low value of the peak syn-
chrotron frequency, FSRQs formally require δD ∼ 70 to make
∼ 1020 eV neutrinos, but would have to accelerate protons to
& 1021 eV. GRBs and BL Lac objects with small Doppler fac-
tors can effectively make ∼ 100 TeV neutrinos from photopion
losses on internal synchrotron photons. The SEDs in one-zone
models of such low-Doppler factor BL Lac objects would, how-
ever, be strongly distorted by internal γγ absorption. Further-
more, provided that tvar and Γ (or δD) are sufficiently small so
that the internal target photon density is large (eq. (7)), efficient
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photopion and neutrino production can take place in GRBs, in-
cluding LLGRBs. GRBs are also extremely powerful, so can
accelerate protons to & 1020 eV from simple arguments regard-
ing Fermi acceleration (e.g., (60)). Except under special con-
ditions that ηφπ ∼ 1 is realized for typical Γ, however, GRBs
would be weak neutrino and strong UHECR sources when Γ
is large, and strong neutrino sources with quenched UHECR
production when Γ is small (Fig. 2).
This difficulty also exists for blazars. HSP BL Lac objects
are always inefficient PeV neutrino producers for the assumed
parameters, as seen in Fig. 2, and when they are efficient PeV
neutrino emitters, γ-ray opacity is large, contrary to the appear-
ance of the γ-ray SEDs of these objects. Because their SEDs
are well described by nonthermal synchrotron self-Compton
models, values of Doppler factor and fluid magnetic field can
be determined, which are similar to values found in equipar-
tition modeling (14). Using such values from spectral model-
ing, along with the Hillas (61) condition to define the maximum
possible particle energy, Ref. (32) found that HSP BL Lacs are
not capable of accelerating protons to Ep & 1019 eV. If BL Lac
objects are the sources of the UHECRs, then a transition from
light to heavy composition would be required, as indicated in
Auger (62) (though not HiRes; (63)) analyses of UHECRs. In-
deed, BL Lac objects and their off-axis counterparts (i.e., FRI
radio galaxies) may be favored as sources of UHECRs because
they are found within the GZK radius, and their γ-ray emissiv-
ity greatly exceeds the UHECR emissivity (64). If the UHECR
source spectrum has a log-parabolic type behavior, then the
second-knee and ankle structures in the cosmic-ray spectrum,
as well as compositional changes, could result from a superpo-
sition of UHECR injection spectra modified by transport and
energy losses, just as it is for power-law injection. Fits to the
UHECR spectrum from blazar sources is, however, beyond the
scope of the present work.
Escaping UHECRs from the jets of BL Lac objects can ex-
plain various peculiarities in blazar physics, including the hard-
ening of the deabsorbed TeV spectrum for most models of the
extragalactic background light (EBL), and the existence of an
unusual, weakly variable class of TeV blazars (65; 66; 67).
Indeed, production of neutrinos formed by very high energy
cosmic-ray protons from a blazar source in transit through the
intergalactic medium has been proposed as an explanation for
the PeV events (68) based on calculations made prior to the de-
tections (69). The model as proposed cannot, however, explain
PeV neutrinos and UHECRs simultaneously. This is because
the maximum cosmic-ray energy has to be tuned to . 1017.5
eV in order not to overproduce multi-PeV neutrinos. In ad-
dition, high EBL models, which are challenged by GRB ob-
servations (70), are needed. Moreover, the neutrino spectrum
must harden below ≈ 1 PeV because the EBL is cutoff above
≈ 13.6 eV. This model therefore needs other components such
as star-forming galaxies and galaxy clusters to explain sub-PeV
neutrino events.
Neutrino production from proton interactions in the inner
jets of FSRQs differs significantly from the preceding types of
sources by virtue of the strong external radiation fields that are
required when modeling their γ-ray SEDs. Indeed, FSRQs are
defined by the strength of their broad lines. Though leptonic
models appear adequate to explain the broadband SEDs of FS-
RQs, a hadronic component can explain observations of VHE γ
rays in FSRQs (71). The calculations presented here show that
if high-energy cosmic-ray protons are accelerated in the inner
jets of FSRQs, photopion losses with ≈ 1 – 10% efficiency is
found for both FSRQs in their quiescent and flaring states, but
that the proton spectrum must soften at Ep & 1016 eV due to
the assumed log-parabolic function, and can therefore not be
significant UHECR sources. The dominant radiation field is the
BLR radiation, though scattered accretion-disk radiation and, at
higher proton energies, IR radiation, can also result in efficient
photopion losses.
Figs. 4 and 5 show that a distinct low-energy hardening in
the neutrino spectrum below 1 PeV is formed, as explained in
the Introduction. Compared to the sharp cutoff found for a sin-
gle monochromatic external radiation field, some smoothing is
formed by a distribution of target photons from atomic lines,
a stronger scattered accretion-disk radiation field, and a low-
energy extension of the neutrino number spectrum ∝ E−1ν . Even
the inclusion of a distribution in redshifts z of FSRQs in the cal-
culation of the diffuse neutrino flux from blazars (see Figs. 13
– 16 in (16)), which range broadly from z ≈ 0.5 to z ≈ 2 (72), is
not sufficient to remove this low-energy hardening, which ap-
pears to be a robust feature of FSRQs. If the hardening is not
found in IceCube data, then other sources must be considered
to fill in the gap and explain LE neutrinos.
If the spectra of cosmic rays in star-forming galaxies are like
our Galaxy’s cosmic-ray spectrum, with the cosmic-ray proton
spectrum softening at the knee (≈ 3 PeV), then the neutrino-
production spectrum through secondary nuclear processes should
soften at ∼ 0.05 × 3 PeV, or at ≈ 150 TeV. The LE neutrinos
could then be due to superposition of neutrino emissions from
star-forming/starburst galaxies or galaxy clusters and groups.
A higher energy cutoff in the proton spectrum of star-forming
galaxies or galaxy clusters and groups may consistently explain
the PeV neutrinos if the cosmic-ray number index is . 2.1
– 2.2, in order to avoid overproducing the extragalactic γ-ray
background (73). Such sources of ≈ 0.03 – 2 PeV neutrinos
require cosmic rays of ≈ 0.6 – 80 PeV energy (for a typical
redshift z ≈ 1). Furthermore, neutrino emission from nuclear
collisions in the Fermi bubbles might explain some though not
all of the LE neutrinos (74; 75).
If scattered accretion-disk radiation is the dominant radia-
tion field for photopion production, then a cutoff below ∼ 1014
eV can result if the accretion-disk radiation has an effective
temperature of ≈ 35 eV (9) (the mean photon energy is ≈ 3×
the temperature). This way to make LE neutrinos is, however,
problematic by requiring unusually large (≫ 10 eV) effective
temperatures for the accretion disks in FSRQs and large scat-
tering depths τsc ∼ 1, leading to an associated γγ opacity that
strongly attenuates the blazar γ-ray spectrum down to a few
GeV. Neutrino production from the cores of AGNs, without
distinguishing radio-loud and radio-quiet sub-classes, was pro-
posed in Ref. (76). As originally formulated, this model over-
produces the IceCube neutrino intensity by a large factor, but
could have the observed flux level by renormalizing the injected
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cosmic-ray flux (77).
To summarize, given large baryon loading (16), FSRQs rep-
resent viable sources of the IceCube PeV neutrinos, but make
a hardening below ∼ 1 PeV, so that the neutrinos with Eν ≪ 1
PeV have to be made by another neutrino source class. Further-
more, the cosmic-ray energy distributions in FSRQs must have
a high-energy softening, which we have modeled with a log-
parabola spectrum, meaning that FSRQs cannot be the sources
of the UHECRs. For this, HSP BL Lac objects are favored in
terms of emissivity and existence of sources within the GZK
radius, provided that their particle distribution extends, unlike
in FSRQs, to ultra-high energies.
6.3. Cosmic-ray acceleration in black-hole jets
A log-parabola function has been assumed for the proton
spectrum, which is a departure from power-law particle spec-
tra that are usually assumed. The mechanisms accelerating
particles in blazars and the prompt-phase emissions of GRBs
are highly uncertain. A curving log-parabola function can of-
ten give a better fit to the blazar SED, with fewer parameters,
than electron spectra formed by the injection of power-laws fol-
lowed by adiabatic losses and radiative cooling (34; 14). In both
blazars and prompt emissions of GRBs, the synchrotron radia-
tion spectrum never reaches its maximum energy of ≈ 100Γ
MeV, so that a slower, second-order acceleration scenario that
results in curving particle distributions may be favored. (The
delayed onset of γ-ray emissions at GeV energies could, how-
ever, be synchrotron radiation from first-order Fermi accelera-
tion of electrons at the external blast-wave shock (78; 79).) A
curving proton distribution, or a soft power-law distribution, is
consistent with the lack of a large flux of multi-PeV neutrinos.
Nonlinear effects in first-order acceleration make concave par-
ticle spectra, opposite to the behavior required to explain the
IceCube data. On the other hand, a long acceleration timescale
compared to escape could cause a cutoff at high energies in the
particle spectra formed in first-order Fermi acceleration.
The simplest characterization of the maximum particle en-
ergy is to suppose that the relevant mechanism is Fermi acceler-
ation, which operates on timescales longer than the Larmor time
t′L = E
′/(QB′c), where E = ΓE′ is the escaping particle energy
and Q = Ze is its charge. For first-order Fermi acceleration,
this implies a characteristic timescale t′F1 = f1t′L, with f1 & 1.
If the dynamical timescale t′dyn during which the accelerator is
active is determined by the measured variability timescale tvar,
then t′dyn  Γtvar  δDtvar, and
t′F1
t′dyn
 f1
(
E
QB′cΓ2tvar
)
. (14)
The condition t′F1/t′dyn  1, with f1  1, is a restatement of
the Hillas (61) condition that gives the maximum energy E of a
particle with charge Q.
Using simple forms for particle acceleration derived in Ref.
(80) for gyroresonant acceleration of protons with Alfve´nic tur-
bulence, the corresponding relation for second-order Fermi ac-
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Fig. 6 Ratios of proton acceleration and and escape timescales
to the dynamical timescale in the fluid frame are plotted as a
function of escaping proton energy Ep  ΓE′p for FSRQ
parameters given in the legend. Acceleration efficiency reaches
a maximum for both simplified descriptions of first-order (F1)
and second-order (F2) Fermi acceleration, shown by heavy
solid and dotted lines, respectively, with progressively lighter
lines corresponding to a reduction in the acceleration
efficiency by an order-of-magnitude. Ratios of maximum
escape times to the dynamical time through diffusive
gyroresonant pitch-angle scattering and Bohm diffusion are
shown by the labels “F2,esc” and “Bohm,esc,” respectively.
Calculations for second-order Fermi acceleration assume
q = 5/3. For the chosen parameters, protons cannot be
accelerated to energies found in the cross-hatched region
according to the Hillas criterion.
celeration is
t′F2
t′dyn
 f2
(
E
QB′cΓ2tvar
)2−q
. (15)
Here q is the index of turbulence, with q = 5/3 for Kolmogorov
turbulence and q = 3/2 for Kraichnan turbulence, and the term
f2 ≡ 2q/[π(q − 1)β2Aζ], where ζ is the fraction of magnetic-
field energy density in Alfve´nic turblence, and cβA is the Alfve´n
speed.
In Fig. 6, we plot the ratios of the comoving particle ac-
celeration, energy-loss, and escape timescales to the dynamical
timescale t′dyn  Γtvar . Parameters are appropriate to a model
flaring blazar, and are given in the figure legend. For second-
order processes, a Kolmogorov turbulence spectrum (q = 5/3)
is assumed. The characteristic times to accelerate protons to
energies Ep, divided by t′dyn, are plotted for first-order acceler-
ation (F1), from eq. (14), and second-order acceleration (F2),
from eq. (15), by solid and dotted lines, respectively. The pro-
gressively lighter lines take f1, f2 = 1, 10, 102, 103, and 104, re-
spectively. The assumed parameters permit acceleration of pro-
tons to ≈ 8 × 1019 eV with maximum efficiency. Protons with
energies greater than this energy, shown by the cross-hatched
region, are not allowed by the Hillas condition.
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Fig. 7 Ratio of comoving proton photopion energy-loss
timescale to the dynamical timescale are plotted for parameters
of a flaring FSRQ given in the legend. The BLR and IR have
energy densities uBLR = 0.026 erg cm−3 and uIR = 10−3 erg
cm−3, respectively, and the scattered disk component
represents a scattering shell of Thomson depth τT = 0.01 and
an optically thick accretion disk with an effective temperature
of 20 eV.
The maximum energy of escaping particles is limited by the
escape timescales. Fig. 6 also shows the ratio of the diffusive
escape timescale to the dynamical timescale due to gyroreso-
nant pitch-angle scattering with Alfve´nic turbulence, using the
expression
t′F2,esc
t′dyn
 max[1, π8 (q−1)(2−q)(4−q)ζ
(
E
QB′cΓ2tvar
)q−2
] (16)
(80). This ratio cannot be less than unity because particles can-
not escape on timescales shorter than tdyn. We set the coefficient
π
8 (q−1)(2−q)(4−q)ζ equal to unity in order to give the longest
possible escape timescale through gyroresonant diffusion in the
dashed line denoted “F2,esc” in Fig. 6. (A second dashed line
assumes a factor of 10 more rapid escape, corresponding to an
order-of-magnitude reduction in the plasma turbulence energy
density.) But note that Eq. (16) assumes a picture where there
are open magnetic field lines along which the particles diffuse
and escape from the jet plasma. A more realistic picture for
blazars might be Bohm diffusion in a randomly oriented mag-
netic field. The ratio of the Bohm diffusion timescale to the
dynamical timescale takes the simple form
t′Bohm,esc
t′dyn
 max[1,
(
E
QB′cΓ2tvar
)−1
] , (17)
and is shown in Fig. 6 by the dot-dashed line denoted “Bohm,esc.”
Maximum particle energy is also limited by radiative losses.
Fig. 7 shows the timescale for photohadronic energy losses with
scattered accretion disk, BLR, and IR torus photons, for param-
eters of a flaring FSRQ. In this case, photopion losses will limit
proton acceleration to . 1017 eV in first-order acceleration if
f1  105 (i.e., an acceleration efficiency of 0.001%), assum-
ing Bohm diffusion. In comparison, a value of f2 & 1000 for
second-order acceleration limits proton acceleration to ≈ 1016
eV, assuming Bohm diffusion. The acceleration efficiency is
difficult to estimate in either case, and depends on the uncer-
tain level of turbulence and the Alfve´n speed. But it is impor-
tant to note that in both first- and second-order Fermi acceler-
ation, a characteristic maximum proton energy of ≈ 1016 eV,
i.e., γpk ∼ 107, is a consequence of energy losses off the BLR
radiation when the acceleration efficiency is sufficiently small
and photohadronic losses with the BLR are sufficiently large.
This feature of particle acceleration could explain the apparent
cutoff in multi-PeV neutrino events observed with IceCube.
Second-order Fermi acceleration gives a curving acceler-
ated particle distribution resulting from diffusive acceleration,
but inefficient first-order acceleration will also produce a curv-
ing spectrum with a spectral cutoff due to photohadronic losses
with BLR photons. As noted previously, we chose a value of
the log-parabola parameter b  1 based on fits to nonthermal
electron synchrotron spectra in blazars (14). In principle, b can
be derived by comparing the proton distribution formed as a
consequence of particle acceleration, energy-loss and escape,
or by directly using theoretical particle spectra resulting from
scenarios involving Fermi acceleration (81; 82; 83; 84; 85).
6.4. Diffuse neutrino intensity
The large directional uncertainty makes association of Ice-
Cube neutrinos with point sources difficult, particularly for shower
events. Although a truly diffuse cosmogenic origin of the Ice-
Cube neutrinos is ruled out, as noted in the Introduction, the
PeV neutrinos may be associated with large fluence FSRQs. No
convincing associations have been made (see Section 6.1), and
we can speak of the PeV neutrinos as “diffuse,” even though
they may be due to the superposition of blazars that are not in-
dividually resolved by IceCube but resolved by Fermi.
PeV neutrinos originating from FSRQs will unavoidably
be accompanied by γ rays, so that γ-ray fluence provides per-
haps the best index to search for high-energy neutrino sources.
FSRQs make a significant contribution to the γ-ray background
(86; 87). A calculation of the “diffuse” neutrino intensity based
on the blazar sequence is presented in Ref. (16). Besides searches
for neutrinos from known point-source blazar directions, an-
other method to test this model is to compare the probability
for high γ-ray fluence FSRQs to be found in PeV neutrino di-
rectional error ellipses with sources described by the same flu-
ence distribution that are distributed randomly on the sky. With
only three > 1 PeV neutrinos so far reported with IceCube,
such tests are as yet statistically challenging (e.g., 88), but will
become more promising as exposure, both with IceCube and
Fermi, grows with time.
Regarding all 28 (1) and now 37 (2) excess neutrino events,
the implied intensity of the excess IceCube neutrino flux is at
the level of ∼ 3 × 10−8 GeV/cm2-s-sr (1; 57). The PeV neutri-
nos alone contribute more than 50% of this intensity. This can
be compared with the integrated γ-ray intensity of FSRQs mea-
sured with Fermi-LAT between 100 MeV and 100 GeV (72).
The cumulative energy-flux (Φ) distribution measured in the
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range of 10−11 ≤ Φ (erg/cm2-s) ≤ 10−9 implies an FSRQ γ-
ray intensity ≈ 5 × 10−7 GeV/cm2-s-sr, which is a lower limit
given that FSRQs with Φ outside this range are not counted.
Because neutrino production will unavoidably produce γ rays
with comparable intensity that, though generated at very high
energy, can cascade into the LAT energy range, this estimate
indicates that ≈ 10% of the FSRQ γ-ray emission could be
produced by hadronic jet processes. Diffuse 100 TeV – PeV
neutrinos from one-zone models of BL Lac objects require low
Doppler factors that would imprint strong γγ opacity features
on the SED, unlike the observed SEDs of BL Lac objects.
7. Conclusions
In order to avoid overproduction of ≫ PeV neutrinos by
cosmic-ray protons in FSRQs, a typical FSRQ proton spectrum
(reflecting an average over many sources) that softens at ener-
gies & 100 PeV is required. The proton distribution could be
in the form of a broken power law or an exponentially cutoff
power law, but here we consider a log-parabola function. The
lack of high-energy neutrinos can then be explained if b  1
and the principal Lorentz factor γpk . 108. The corresponding
proton energies, . 1017 eV, are well below energies needed to
explain the UHECRs.
Indeed, FSRQs and their off-axis counterparts cannot be the
principal sources of UHECRs extending to ≈ 1020 eV, as they
are not found within the GZK radius, and their γ-ray energy
production rate per unit volume, if comparable to the required
UHECR emissivity, is inadequate in the local universe (unlike
the case of BL Lac objects). The presence of strong external ra-
diation fields in the inner jets of FSRQs may inhibit acceleration
of protons and ions to ultra-high energies, in the same way that
the mean electron Lorentz factors in FSRQs are much less than
those in BL Lac objects (89; 90) due, apparently, to radiative
cooling. This behavior of the electron distribution, which helps
explain the blazar sequence relating the peak synchrotron lumi-
nosity with the frequency of the synchrotron peak, would have
analogous behavior for hadrons, in accord with the hypothe-
sis that BL Lac objects are the sources of the UHECRs. Inter-
mediate and high-synchrotron peaked BL Lac objects are then
predicted to be candidates for detection of EeV neutrino point
sources by the Askaryan Radio Array (91). A separate study
is required to demonstrate whether a superposition of curved
UHECR injection spectra from blazars at various redshifts re-
produces the UHECR spectrum.
In related work (16), we considered the latest blazar gamma-
ray luminosity function in order to derive the diffuse intensity
of neutrinos made in blazar jets, which is dominated by pro-
duction in FSRQs due to their strong external radiation fields.
There we find a similar result (16) using a power-law cosmic-
ray spectrum to explain UHECRs.
Our calculations of neutrino spectra from FSRQs show a
hardening below ≈ 1 PeV from the spectrum of decaying pions.
Superposition of emission from blazars at various redshifts is
not sufficient to conceal this low-energy cutoff (16). Evidence
for a suppression of neutrinos below ≈ 1 PeV would support
this model, but the existence of a gap in the neutrino spectrum
at these energies is not statistically significant (1; 2). As Ice-
Cube exposure grows, our model will be tested by measuring
the & 100 TeV neutrino spectrum. If FSRQs are the sources
of the IceCube PeV neutrinos, a second component is unavoid-
ably required to explain the . 300 TeV neutrino events, for
which star-forming galaxies, galaxy clusters and groups, or a
higher prompt atmospheric neutrino background provide plau-
sible explanations. Lack of evidence for a gap between a few
hundred TeV and ≈ 1 PeV in the IceCube neutrino spectrum
would instead provide evidence for a single-source model of
neutrino production, for example, a nuclear production model
where neutrinos originate from cosmic-ray reservoirs (such as
galaxies and galaxy assemblies) with typical cosmic-ray spec-
tra described by a power-law with index harder than ∼ 2.2 and
a break or cutoff near 100 PeV (73; 92). By comparison, in the
model studied here where PeV neutrinos are produced by pho-
topion processes in the inner jets of FSRQs, a suppression of
the neutrino flux below ≈ 1 PeV is predicted, and can further-
more be tested by identifying high γ-ray fluence FSRQs in PeV
neutrino error boxes.
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Appendix A. Synchrotron Self-Absorption (SSA) Frequency
in Blazars
Synchrotron spectra of blazars may be self-absorbed at low
radio frequencies. Following Ref. (14), the SSA optical depth
of magnetoactive plasma with average magnetic field B′ and
an electron Lorentz-factor γ′e distribution described by the log-
parabola function γ′2e N′e(γ′e) = Ky−b log y, where y ≡ γ′e/γ′pk, is
given in the δ-function approximation for photons with comov-
ing dimensionless energy ǫ′ by
τǫ′ =
8π
9
r′bλCre
mec2I1(b)
u′B′u
′
e
ucr
F (yˆ)
ǫ′3
. (A.1)
Here u′e is the nonthermal electron energy density, u′B′ = B′2/8π,
ucr = B2cr/8π is the critical field energy density, Bcr = 4.41 ×
1013 G, r′b  cδDtvar, I1(b) =
√
π ln 10/b, λC = h/mec is the
Compton wavelength, and
F (yˆ) ≡ (1 + b
2
log yˆ) yˆ−b log yˆ , (A.2)
with
yˆ ≡
√
ǫS S A/2εB′δD
γ′pk
. (A.3)
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Note that F (yˆ = 1) = 1.
Defining the SSA frequency by τǫ′S S A = 1 gives
ǫS S A = δDǫ
′
S S A = δ
4/3
D
8πλCrectvar9mec2I1(b)
ζeu′2B′
ucr
F (yˆ)
1/3 . (A.4)
Relating u′e = ζeu′B′ through the parameter ζe, one can show
that the equipartition condition ζe = 1 is close to the minimum
jet power condition (14). Note that eq. (A.4) is transcendental
through the dependence of yˆ on ǫS S A.
Eq. (A.4) gives the SSA frequency
νS S A  140 GHz
(
ζet3
I1(b)
)1/3
B′4/3(G)
(
δD
10
)4/3
, (A.5)
dropping the slowly varying factor F 1/3(yˆ) and defining tn =
tvar(s)/10n s. It can easily be seen that for BL Lac objects and
GRBs, which have equipartition magnetic fields B′eq ∼ 100 mG
and ∼ 10 G (14), respectively, ǫS S A ≪ ǫpk. FSRQs have B′eq ∼
few G, and with ǫpk ∼ 10−7, have ǫpk ∼ ǫS S A. SSA effects
are never important for PeV neutrino production, though could
be important for EeV neutrino and γ-ray production in FSRQs.
The effects of SSA hardly change the calculation of the SSC
component.
Appendix B. Photopion Production Efficiency and Neutrino
Luminosity
We optimize neutrino luminosity for neutrinos with energy
Eν = χmpδDγ′p formed from protons with Lorentz factors γp =
δDγ
′
p = Eν/χmp, χ  0.05 (see also 93). Assume that a frac-
tion kp of the jet power L j,∗ in the galaxy/black-hole frame is
transformed into nonthermal proton power Lp,∗ = kpL j,∗. Be-
cause dt′ = dt∗/Γ, E′p = Ep,∗/Γ, L′p = Lp,∗  Lp/Γ2 (for a
blast wave). Assuming that the target photons are isotropically
distributed in the fluid frame, Lν = δ4L′ν (for a blob). Further,
L′ν = χL′p min(1, ηφπ), where ηφπ = ηsIs(x¯), and ηs ≡ Ks/δ4D is
given by eq. (7), where x¯ = δD
√
ǫ¯thrχmp/(2Eνǫpk).
From inspection, optimal neutrino production from a black-
hole jet source occurs for x¯  1, so at x¯  1, Is(x¯)  1, and
the optimal Doppler factor in terms of neutrino production is
defined by
ˆδD 
11L1/448
t1/4var (s) f 1/40 101/16bǫ1/4pk
−→
b = 1
9.6
(
L48
f0tvar(s)ǫpk
)1/4 −→f0 = 1/3 12.6
(
L48
tvar(s)ǫpk
)1/4
. (B.1)
For a blast-wave geometry, f0 = 1, and f0 = 1/3 for a blob
(14). Defining Ln = L/10n erg s−1 and ǫn = ǫpk/10n,
ˆδGRB  170
(
L52
tvar(0.1 s)ǫpk
)1/4
, (B.2)
and the condition x¯  1 implies that the efficiency is maximized
for neutrinos formed at energy Eν  δ2Dǫ¯thrχmp/2ǫpk which, for
GRBs, implies
Eν,GRB  270
√
L52/tvar(0.1 s)ǫ3pk TeV . (B.3)
For an HSP BL Lac object, the most luminous neutrino fluxes
from internal processes are found when
ˆδBL  4.0 ( L46t3ǫ−3 )
1/4 , Eν,BL  150
√
L46
t3ǫ3−3
TeV . (B.4)
With such low Doppler factors, GeV – TeV γ rays would be
strongly attenuated by γγ pair production (93), whereas BL Lac
objects show no indication of internal γγ absorption. Further-
more, such low Doppler factors correspond to systems far from
equipartition (14), which are disfavored energetically.
For the low synchrotron-peaked FSRQs, with ǫpk  1013Hz,
or ǫpk = 10−7ǫ−7,
ˆδFS  71 ( L48t4ǫ−7 )
1/4 , Eν,FS  4.7×1020
√
L48
t4ǫ3−7
eV. (B.5)
The class of intermediate synchrotron-peaked blazars with 10−6 .
ǫpk . 10−5 would be favored to make EeV neutrinos by this
logic. Provided that a broadband spectrum of protons is accel-
erated with a number index of ≈ 2, specific values of Doppler
factor for GRBs and HSP BL Lac objects optimize ∼ 100 TeV
neutrino production.
Appendix C. Threshold Lorentz Factor for Photopion Pro-
duction from Direct Accretion-Disk Radiation
Consider accretion-disk photons passing through a plasma
jet moving outward with bulk Lorentz factor Γ = 1/√1 − β2
along the axis of the accretion disk. In the jet fluid frame, the
threshold condition for photopion production by ultra-relativstic
protons is simply γ′pǫ′(1 − µ′) > ǫ¯thr , using notation of the Sec-
tion 2. Here ǫ′ = Γǫ(1 − βµ), and µ′ = (µ − β)/(1 − βµ). The
term µ = r/
√
r2 + R2 is the cosine angle of the photon emitted
by the accretion disk at radius R from the nucleus that intercepts
the jet at distance r along the polar axis of the accretion disk.
The mean photon energy radiated from an optically thick
Shakura-Sunyaev accretion disk is mec2ǫ( ˜R)  77q ˜R−3/4 eV,
where q = (ℓEdd/M9η)1/4, 109M9 M⊙ is the black hole mass,
ℓEdd is the ratio of the radiant luminosity to the Eddington lu-
minosity, and η  0.1 is the efficiency of the accretion disk for
converting accretion power into luminosity (40).The tildes re-
fer to quantities measured in units of the gravitational radius
rg = GM/c2. Writing ǫ( ˜R)  1.5× 10−4q ˜R−3/4 gives the thresh-
old condition
γthrp  Γγ
′
p =
Ax3/4
1 − β/
√
1 + x2
, (C.1)
for photopion production by a proton with Lorentz factor γthrp .
Here A ≡ ǫ¯thr/1.5 × 10−4q. Differentiating gives the minimum
value of γp which, for ˜R ≫ 1, is at γthrp  8 × 106r˜3/4/q. This
can be rewritten to give the minimum energy Ethrp  2.4 ×
1017q−1(r/100rg)3/4 eV, which is independent of Γ ≫ 1. A
value of q  0.1 gives typical temperatures of the optically-
thick accretion disk in FSRQs, which leads to even higher val-
ues of Ethrp . Unless we consider extreme inner jet models with
12
r ≪ 100rg, we can therefore neglect photopion production from
the direct accretion-disk radiation field for the production of
PeV neutrinos.
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